Abstract Increased nutrient loading to estuaries has led to eutrophication, degraded water quality, and ecological transformations. Quantifying nutrient loads in systems with significant groundwater input can be difficult due to the challenge of measuring groundwater fluxes. We quantified tidal and freshwater fluxes over an 8-week period at the entrance of West Falmouth Harbor, Massachusetts, a eutrophic, groundwater-fed estuary. Fluxes were estimated from velocity and salinity measurements and a total exchange flow (TEF) methodology. Intermittent cross-sectional measurements of velocity and salinity were used to convert point measurements to cross-sectionally averaged values over the entire deployment (index relationships). The estimated mean freshwater flux (0.19 m 3 /s) for the 8-week period was mainly due to groundwater input (0.21 m 3 /s) with contributions from precipitation to the estuary surface (0.026 m 3 /s) and removal by evaporation (0.048 m 3 /s). Spring-neap variations in freshwater export that appeared in shorter-term averages were mostly artifacts of the index relationships. Hydrodynamic modeling with steady groundwater input demonstrated that while the TEF methodology resolves the freshwater flux signal, calibration of the indexsalinity relationships during spring tide conditions only was responsible for most of the spring-neap signal. The mean freshwater flux over the entire period estimated from the combination of the index-velocity, index-salinity, and TEF calculations were consistent with the model, suggesting that this methodology is a reliable way of estimating freshwater fluxes in the estuary over timescales greater than the springneap cycle. Combining this type of field campaign with hydrodynamic modeling provides guidance for estimating both magnitude of groundwater input and estuarine storage of freshwater and sets the stage for robust estimation of the nutrient load in groundwater.
Introduction

Impact of Groundwater Fluxes to Estuaries
The past few decades have seen a massive increase in eutrophication of estuaries globally, leading to widespread hypoxia and anoxia, habitat degradation, alteration of foodweb structure, loss of biodiversity, and increased frequency, spatial extent, and duration of harmful algal blooms (NRC 2000; Boesch 2002; Howarth 2008) . A majority of estuaries in the USA are degraded as a result (Bricker et al. 2007 ). Shallow seagrass-dominated lagoons appear to be particularly sensitive (Nixon et al. 2001; McGlathery et al. 2007) . In many of these ecosystems, endemic species such as seagrass are lost as benthic algae and phytoplankton dominate under increased nutrient supply. Estimating past, current, and future nutrient loads is critical for evaluating ecological response to land-use changes. Regulatory agencies often use load criteria to manage estuarine water quality, therefore accurate estimation of nutrient loads is critical. At the most fundamental level, this requires estimation of freshwater flux to the estuary.
Though many eutrophic estuaries receive the majority of their freshwater and nutrient loads from rivers, coastal groundwater discharge can be a dominant source in some systems. Valiela et al. (1990) noted the importance of coastal groundwater discharge to New England coastal bays in terms of nitrogen load. Kroeger et al. (2007) found that submarine groundwater discharge accounted for up to 33 % of the freshwater discharge and 50 % of nutrient loads in Tampa Bay. Several methods to measure fresh coastal groundwater discharge have been used with varying success dependent on the system and the assumptions. These include radiochemical tracer methods (e.g., Moore 1996; Cable et al. 1996) , seepage meters (Lee 1977) , eddy correlation (Crusius et al. 2008) , thermal imaging (Portnoy et al. 1998) , and watershed mass balance of water (Kroeger et al. 2006) . In all these cases, estimating a whole-system fresh coastal groundwater discharge over sub-annual timescales may be confounded by temporal and spatial variability. A need exists for robust methods to estimate the fresh portion of coastal groundwater discharge (and associated nutrient loads) to estuarine and coastal systems.
Quantification of Tidal Water Fluxes and Total Exchange Flow Through Estuarine Cross-sections
Quantifying tidal water fluxes through estuarine crosssections can be achieved using a variety of methods. Straightforward volume calculations at tidal timescales using detailed intertidal bathymetry and tidal water level data can yield water fluxes; this method requires accurate bathymetry, complete coverage of tidally affected areas, and relies on the assumption of a spatially uniform water level at any given time. In more complicated situations, such as tidal channel networks or very large estuaries, acoustic technologies have become the standard measurement method. Simpson and Oltmann (1993) and Simpson and Bland (2000) first detailed the use of shipboard acoustic Doppler current profilers (ADCPs) to calculate tidally varying discharge in estuarine channels; Ruhl and Simpson (2005) further described methods to generate continuous timeseries of tidal water fluxes in tidal channels. While these methods are accurate for instantaneous tidal water fluxes, extracting the residual flux due to freshwater flux alone can be difficult because of the small ratio of freshwater flux to instantaneous tidal flux (Ganju and Schoellhamer 2006) . However, tidal water fluxes along with concurrent salinity measurements can be used to estimate estuarine total exchange flow (TEF; MacCready 2011), which provides a different avenue for estimating freshwater flux. MacCready (2011) used an isohaline coordinate system to describe estuarine exchange flows. This analysis tracks the transformation of water masses as they enter and exit the estuary due to tidal processes, using salinity as the conservative tracer. The net transport of water over a tidal cycle (or any period), in salinity space, is the TEF. The terms in the TEF analysis can be used in Knudsen's (1900) salt balance, yielding a solution for freshwater flux. Ganju (2011) combined tidal water flux measurements following Ruhl and Simpson (2005) with a time-dependent Knudsen balance to estimate mean and time-varying groundwater flux in a small landward tidal channel of West Falmouth Harbor, Massachusetts. Because of the landward location of this site, the influence of precipitation, evaporation, and estuarine storage were negligible. Measurements at the harbor entrance however, must be reconciled with potentially high rates of precipitation and evaporation over the estuarine surface, as well as temporal changes in flushing (which can affect storage of freshwater within the estuary). The harbor has experienced rapid eutrophication and habitat degradation due to the input of nitrate-rich groundwater from a contaminated aquifer. In this study, we detail a field campaign aimed at quantifying the total groundwater flux to the entire harbor, which is mainly supplied via shoreline seeps. We first describe the relevant characteristics of the harbor, followed by methods to calculate continuous tidal water flux, mean salinity, precipitation, and evaporation. The isohaline analysis is used to estimate mean and timevarying freshwater flux at the harbor mouth. A threedimensional hydrodynamic model is used to verify the application of the isohaline analysis and the mechanisms that control the time-varying nature of the freshwater flux.
Site Description
Watershed Description
West Falmouth Harbor lies on the western shore of upper Cape Cod, Massachusetts, on the eastern side of Buzzards Bay (Fig. 1) . Cape Cod is a glacially carved land feature, with a prominent moraine deposit running in the north-south direction on the western side. The Sagamore lens of the underlying aquifer is characterized by a water table high-centered 13-km northeast of West Falmouth Harbor. Moraine deposits are considered to have greater substrate variability than outwash deposits, which are more common on the south side of upper Cape Cod. Annual precipitation over upper Cape Cod averaged 1.24 m/year during the 1997-2010 period with a relatively stable annual distribution. There are few prominent rivers on Cape Cod; the majority of freshwater discharge to the coast occurs as either direct groundwater discharge or groundwater discharge to small streams (LeBlanc et al. 1986 ). Recent delineation of watershed boundaries indicates that West Falmouth Harbor's watershed is approximately 6.7 km 2 (Howes et al. 2006 ).
Estuarine Description
West Falmouth Harbor has a surface area of approximately 0.7 km 2 and a mean depth of slightly more than 1 m. The outer embayment of the harbor is connected to Buzzards Bay via a 3-m deep, 150-m wide channel constrained by rock jetties on both sides. The outer embayment is connected to the inner embayments through a 3-m deep, 150-m wide channel bounded by a sand beach on the west and rocky/ hardened shoreline on the east. Portions of the harbor are bordered by intertidal mudflats and wetlands. In many of the intertidal areas groundwater can be observed entering the estuarine surface at low tide. The tide in West Falmouth Harbor is essentially a standing wave, with a 1.9-m range during spring tides and a 0.7-m range during neap tides at the harbor entrance. Mean tidal currents at the mouth approach 0.5 m/s. Buzzards Bay provides salt to West Falmouth Harbor on flood tide, and salinity typically ranges between 30 and 32 during summer months. Subtidal variations in Buzzards Bay salinity are typically larger than tidal-timescale variations ).
We occupied five sites during summer 2010: (1) site Mouth, (2) site IMHJ, (3) site MC, (4) site South, and (5) site Town Dock. Site Mouth was located on the bed of the entrance channel to the harbor on a sand bed in approximately 3 m of water. Site IMHJ was located on the west side of the sandy main channel adjacent to a dense eelgrass meadow on the east side of the channel, at a depth of 3 m. Site MC was in Mashapaquit Creek landward of the Nashawena Road bridge, and is discussed in detail by Ganju (2011) . Site South was located in the south embayment of the harbor at a depth of 1.5 m. Site Town Dock was located at the West Falmouth Harbor Town Dock. In this study, freshwater flux estimates were made at the two cross-sections at sites Mouth and IMHJ. Freshwater fluxes from site MC were detailed by Ganju (2011) and are not covered in this paper. Velocity data from site South are used for tidal harmonic analyses, and water level data from site Town Dock are used to compute estuary volume (discussed below). (Ruhl and Simpson 2005) . A complete record of v ca is computed using the correlation between v i and v ca , and a complete record of A is computed using h and the channel geometry. The product of v ca and A from the complete record yields a continuous record of tidal water fluxes (Q i ).
Methods
Continuous
At all sites (excluding site South and Town Dock), we deployed a Nortek Aquadopp ADCP and a Sea-Bird 39 pressure/temperature (PT) sensor approximately 0.1 mab to measure v i and h, respectively. At site Mouth the package was located in the center of the entrance channel. At site IMHJ the package was deployed on the west side of the channel due to heavy eelgrass coverage on the east side of the channel. At site MC the package was deployed in the center of the channel landward of the Nashawena Road bridge. All instruments sampled at 5-min intervals, and the ADCPs sampled in 0.5 m bins. At site South, an Aanderaa RCM acoustic velocity meter (AVM) was deployed on the bed, sampling in 5-min intervals.
Measurements of v ca and A were collected using a RD Instruments 1,200 kHz Rio Grande ADCP in downwardlooking configuration. At sites Mouth and IMHJ the ADCP was deployed from a 16 ft shallow-draft vessel with the ADCP transducer approximately 0.25 m below the water surface and differential GPS used to track boat movement relative to the bed. At site MC the ADCP was deployed from an Oceanscience River Surveyor catamaran with radio modems and a tagline secured from bank-to-bank. Those measurements are discussed by Ganju (2011) and are not shown in this study. At all sites USGS protocols (Mueller and Wagner 2009) were followed for ADCP settings, compass calibration, and edge estimates (due to the inability to measure near banks). The surveys were performed during spring tides (Table 1) when the largest range of conditions was expected.
Continuous Tidal Water Fluxes: Volumetric Change Method
Water fluxes estimated using the index-velocity method have previously been compared with independent water flux measurements in riverine environments (Costa et al. 2006) . We attempt an independent measure at the mouth of West Falmouth Harbor using the change in volume of the entire harbor on tidal timescales. A general model for this approach can be summarized as
where V is harbor volume, Q v is water flux at the mouth (flood positive), G is incoming groundwater flux, P is precipitation, and E is evaporation. Assuming that Q v is several orders of magnitude greater than P, G, and E, reduces this to
If we further assume that the tide in the harbor behaves as a standing wave with minimal lag between embayments, we can calculate harbor volume with detailed bathymetry and water level measurements from site Town Dock (Fig. 1) .
We used a Trimble AgGPS Model 132 DGPS with Omnistar beacon to provide sub-meter accuracy horizontal coordinates, and an ODEC Bathy500MF precision survey fathometer utilizing a 200 kHz, 3°beam transducer to provide soundings at a rate of 5-10 Hz. The shallow intertidal area was surveyed on foot using a survey staff. The sounding data were processed to generate a bathymetric grid at a 5-m horizontal resolution. We calculated the harbor volume at water levels between lowest low tide and highest high tide and fit a regression to the data (p value of <0.00001). Water level measurements were collected at 5-min intervals with a Global Water WL16 vented, pressure and temperature compensated water level logger (accurate to 0.009 m), deployed at site Town Dock (Fig. 1 ). The regression between water level and volume was used to calculate harbor volume; Q v was calculated as
where Q v (t 1.5 ) is the tidal water flux at the middle of the water level measurement interval.
Continuous Mean Salinity: Index-Salinity Method
Similarly to the estimation of tidal water fluxes, a proxy for a continuous record of mean salinity can be constructed from an index-salinity measurement (s i ) and a less-frequent measurement of cross-sectionally averaged salinity (s ca ) over some representative time period; the correlation between the two can be used to estimate continuous crosssectionally averaged salinity. At sites Mouth and IMHJ, a YSI 6-series multi-parameter sonde was deployed 0.3 mab adjacent to the ADCP/PT package on a pedestal mount anchored by a 50-kg lead weight. At site MC a vertical array of conductivity/temperature sensors was deployed as detailed by Ganju (2011) . The multi-parameter sondes were downloaded and serviced weekly. At the near-bed sites (Mouth and IMHJ) we retrieved the sondes from the fixed mounts and serviced them simultaneously on the dock near the mouth of the harbor. Servicing consisted of pre-and post-cleaning fouling checks, battery replacement, data download, and checks with known conductivity standards. Servicing guidelines, fouling corrections, and drift corrections were applied following the guidelines of Wagner et al. (2006) .
Cross-sectionally averaged salinity at all sites was estimated by vertical profiling with a multi-parameter sonde at five equally spaced locations at each cross-section. The sonde sampled at 1 Hz and downcast data were interpolated to a uniform vertical coordinate, weighted by total depth of the profile, and averaged. Profiles were collected intermittently during the ADCP surveys (Table 1) .
Freshwater Flux at Mouth
MacCready (2011) presents the calculation of the estuarine TEF using isohaline coordinates as:
where Q is the tidal water flux and s is salinity. These quantities are practically computed by sorting tidal water fluxes by salinity, and summing transport over discrete salinity bins to yield a net incoming (Q in ) and outgoing (Q out ) transport in salinity space. This method attempts to track the transformation of water masses as they enter and exit the estuary; therefore a parcel of water entering at a salinity at 30, and exiting at the same salinity yields no exchange flow. The salt fluxes due to TEF are
and flux-weighted salinity is defined as:
As shown by MacCready (2011), enforcing mass and volume conservation in TEF terms yields a TEF version of the Knudsen (1900) relationship that is derived without assuming steady, two-layer flow:
where Q R is freshwater flux, Δs is s in −s out , and V is estuary volume; the last term accounts for salt storage in the estuary. These can be inverted to solve for freshwater flux as
We performed the TEF calculations over the entire period and in 120-h moving windows to extract the mean and timevarying freshwater flux signal at the mouth of the estuary ignoring subtidal changes in salt storage (last term on the rhs of Eq. 8). We used a salinity bin size of 0.1 psu over the 0-35 psu range. For each time interval in the 120-h window, we assign the water transport value into the corresponding salinity bin (separately for flood and ebb directions), thereby filling two matrices in time and salinity space with the sum of the transport values in a given class at a given time, for flood and ebb tide. The temporal mean over salinity space then gives the gross transports on flood and ebb; the sum of these gives the net transport in salinity space (Q in and Q out , Eq. 4). The ensuing calculations are performed with these quantities.
We use the cross-sectionally averaged salinity data from sites Mouth and IMHJ and compared three sets of tidal water flux data at site Mouth (one set at site IMHJ): (1) index-velocity based with a linear fit, (2) index-velocity based with a quadratic fit, and (3) volumetric-change based. In the three-dimensional modeling context presented by MacCready (2011), the analysis is applied to individual cells in the lateral and vertical direction across the twodimensional cross-section; with this set of field data we apply the analysis in a zero-dimensional sense (the whole cross-section is treated as one point). The freshwater flux at the mouth will include contributions from groundwater discharge, direct precipitation to the estuary, and removal due to evaporation. It will also retain any signal due to subtidal salt storage within the estuary or estuarine sediments.
Precipitation and Evaporation
Precipitation data were retrieved from the NCEP/EMC precipitation database, which consists of daily, gage-based reports (http://data.eol.ucar.edu/codiac/dss/id021.005), for stations FMH (Falmouth, MA; 11 km NE of West Falmouth Harbor) and HYA (Hyannis, MA; 30 km E of West Falmouth Harbor). The daily precipitation record was multiplied by the surface area of the harbor (0.7 km 2 ) and converted to a volumetric water flux rate to compare with freshwater flux estimates. We calculated evaporation using the classic Penman approach for open water systems (Penman 1948; Dunne and Leopold 1978; Shuttleworth 1993) . Input data were either directly measured (water temperature), or obtained from the Woods Hole Oceanographic Institution (solar irradiance and max/min air temperature; http://cis.whoi.edu/ science/PO/climate/index.cfm) and the Northeast Regional Climate Center (average air temperature, dew point, and wind speed; http://www.nrcc.cornell.edu). Evaporation estimates were applied to the harbor surface area to yield a water flux value.
Results
Continuous Tidal Water Fluxes: Index Velocity Method
Continuous time-series of velocity (v i ) were obtained at all sites. At site Mouth peak velocities ranged from 0.50 m/s on spring tides to 0.25 m/s on neap tides. During spring tides (9 and 27 August 2010), we collected 143 ADCP transects. We measured channel area (A) and geometry at high tide and cross-sectionally averaged velocity (v ca ) from slack after high tide to the following slack after high tide (0700 to 2000 UTC on 9 August 2010; additional measurements made from 1200 to 1400 UTC on 27 August 2010). At site IMHJ peak velocities ranged from 0.40 m/s on spring tides to 0.20 m/s on neap tides. During spring tides (10 and 27 August 2010) we collected 78 ADCP transects, successfully measuring channel area and geometry at high tide and crosssectionally averaged velocity from slack after high tide to the following slack after high tide (0730 to 2030 UTC on 9 August 2010; additional measurements made from 1200 to 1400 UTC on 27 August 2010). Continuous water level measurements were obtained at all sites.
The index velocity calibration at site Mouth was developed using the velocity from the first (near-bed) bin of the Aquadopp as the index velocity v i and the cross-sectional ADCP measurements for v ca (Fig. 2) . As a sensitivity test, we obtained both a quadratic and linear calibration function to determine how the index velocity calibration affects the computation of freshwater flux (below). In terms of site characterization, the relationship between the index velocity and cross-sectionally averaged velocity suggests that the site is flood dominant (i.e., v i >v ca on flood tide and v i <v ca on ebb tide) and is likely centered on the flood tide jet. At site IMHJ the index velocity calibration was developed using the velocity from the first bin of the Aquadopp as the index velocity v i on flood tide and the third bin of the ADCP as the index velocity on ebb tide, and the cross-sectional measurements for v ca (Fig. 3) . Index-velocity relationships using the same bin for v i on flood and ebb tide at site IMHJ led to poor correlation. This suggests that the location of site IMHJ was not optimal for the index velocity measurement. It is likely that both channel asymmetry and the geometry of the harbor are responsible for a complex index-velocity relationship. Channel cross-sections were measured with the ADCP at both sites during slack high water. Relationships between water level and cross-sectional area were determined with the AreaComp program, provided by the USGS Office of Surface Water's Hydroacoustics The tidal water flux estimates derived from the indexvelocity method compare well with the independent measurement based on changes in water depth and volume in the harbor (Fig. 5) , at both tidal timescales and when applied to the isohaline analysis. The volumetric change method assumes that changes in tidal level throughout the harbor are completely in phase. Harmonic analysis of water level and ADCP velocities was performed using the MATLAB code T_TIDE (Pawlowicz et al. 2002) . As expected the predominant tidal constituent is M 2 (83.1 % of total water level variance), with small contributions from N 2 (6.9 %), S 2 (4.1 %), K 1 (1.1 %), and O 1 (0.7 %), with the nonlinear component M 4 (2.1 %) being especially significant in the shallower sites. The water level phase difference between the sites is on the order of 5 min for both diurnal and semidiurnal tidal components. The velocity phase differences between sites for each ADCP bin are slightly larger especially near-bottom due to frictional effects. When the depth-average velocity is analyzed, the phase lags show a better agreement with the water level phase values.
Continuous Mean Salinity: Index-Salinity Method
Continuous index salinity measurements were made at all sites, with fouling shifts and corrections applied following Wagner et al. (2006) . Index salinity varied between 30 and 32 psu at both site Mouth and IMHJ. Site Mouth experienced very little fouling or spurious data; at site IMHJ there were numerous spurious spikes and short periods (<1 h) of wide fluctuation; these are likely associated with lateral advection of unmixed water masses (i.e., fronts) from the northeast and southern portions of the harbor. The time series of water temperature shows concurrent fluctuations. Vertical profiles of salinity at five lateral positions in the channel were obtained at all sites. At site Mouth 12 sets of profiles were collected during a spring tide (9 August 2010) while ten sets were collected at site IMHJ on 10 August 2010. Lateral variability in near-surface salinity at site IMHJ (standard deviation00.61 psu) was twice as high as site Mouth (0.32 psu). Maximum vertical stratification at site IMHJ (1 psu/m) was over twice as high as site Mouth (0.4 psu/m). This variability manifests itself in the index salinity relationships (Fig. 6) : the slope of the curve at site Mouth is close to unity while at site IMHJ the slope is close to 2. At site IMHJ the index-salinity location was biased towards a saltier portion of the channel both laterally and vertically (hence the large slope). As with the velocities, the index salinities at site Mouth better-represented the measured cross-sectionally averaged salinity.
Freshwater Flux
The continuous time series of tidal water flux and crosssectionally averaged salinity ( Fig. 4C and D (Fig. 4(E) ). Variability was between 0.08 and 0.34 m 3 /s over the deployment period. In terms of the possible storage term (Eq. 8), a freshwater flux of 0.19 m 3 /s corresponds to a subtidal salinity change in the entire volume of the estuary of 0.6 psu/day. We neglect the storage term presently due the difficulty of estimating salinity throughout the estuary; this is addressed in the discussion. The TEF quantities at site Mouth over the entire record were Q in 07.49 m 3 /s, Q out 0−7.68 m 3 /s, s in 0 31.4, and s out 030.64.
We estimated the mean freshwater flux at site IMHJ at 0.085 m 3 /s (half of the value estimated at site Mouth), with a spring-neap variability between less than 0 and 0.28 m 3 /s (Fig. 4) . This is significantly lower that the expected value, based on the estimate by Kroeger et al. (2006) . They estimated that only 7 % of the total groundwater discharge occurs seaward of site IMHJ. It is likely that the calculated freshwater flux at site IMHJ is less reliable, due to the lateral and vertical variability of salinity, low quality of the salinity time series, and less accurate index-velocity relationship. Indeed, during the time frame of the tidal-cycle salinity surveys (when the index relationships are most accurate) the freshwater flux at sites Mouth and IMHJ compare well. The poorer agreement earlier in the record is likely the result of a non-stationary relationship between the index salinity and cross-sectionally averaged salinity.
Precipitation and Evaporation
Mean precipitation during the study period was 0.125 in/d or 0.026 m 3 /s, which is 14 % of the total freshwater flux. The precipitation rate is a source of freshwater to the estuary and should be subtracted from the calculated freshwater flux value to estimate the groundwater input. The mean evaporation over the deployment period was 0.048 m 3 /s, with a range of 0.01-0.07 m 3 /s. The evaporation rate is a "sink" of incoming groundwater, and should therefore be added to the freshwater flux value (minus precipitation) to yield groundwater input. The estimated groundwater input over the deployment period is therefore 0.21 m 3 /s.
Discussion
Confirmation of Index Salinity Relationships and TEF Methodology: Numerical Simulations
Generating index-velocity/salinity calibrations in estuaries is complex due to reversing flow directions, stratification, and flood/ebb asymmetry in the cross-section. Additionally, application of the TEF method in a time-varying context using field data has not been tested in a modeling context. A hydrodynamic model can be used to estimate uncertainty in the calibrations by evaluating the modeled relationship between point index measurements (velocity or salinity) and the corresponding cross-sectionally averaged values over different time periods; the moving window TEF calculation can also be performed with model results to estimate the robustness of the method. In light of the apparent spring-neap signal in the data-based freshwater flux estimate, we used the model to corroborate the results based on data and discern if the spring-neap variation is real or an artifact of a time-varying index relationship and/or the TEF method. Due to the small effect of the indexvelocity relationship on estimated freshwater flux and the excellent comparison with the independent volumetric-change estimate, we focus here on the index-salinity relationship for sites Mouth and IMHJ. We used the Regional Ocean Modeling System (ROMS) (Warner et al. 2008 ) on a 150×200×10 cell domain, with 10-m horizontal resolution and vertical resolution varying from 0.5 to 0.01 m (Fig. 7) . Model options included wetting/drying of intertidal areas and radiation boundary conditions at the seaward boundary with Buzzards Bay conditions restored over a nudging timescale of 6 h. This allowed for a delay in enforcing oceanic salinity as the tide turns from ebb to flood. Vertical mixing was parameterized with the k-ε turbulence closure using the generic-length-scale method (Warner et al. 2005) . Measured tidal water fluxes and water level were imposed at the seaward boundary, with a reference oceanic salinity of 32 psu. Freshwater point sources representing groundwater were distributed between six locations following Kroeger et al. (2006) (Fig. 7) . Total freshwater input was held constant in time, with a total magnitude of 0.19 m 3 /s in accordance with the mean input determined from the measurements detailed above.
Near-bed salinity extracted from a model cell at the location of the index salinity measurement was compared with cross-sectionally averaged salinity on 9 August 2010 (Fig. 8) , yielding a relationship similar to that obtained from vertical profiling on the same day (Fig. 6 ). This agreement indicates that the model's representation of lateral and vertical mixing processes in the channel during spring tides is, on average, correct. However, the model also shows that this relationship is not stationary: during neap tides (e.g., 3 August 2010) the slope and intercept change significantly, while the relationship over the entire time period differs only slightly from the spring tide relationship (Fig. 8) . The change during neap tides is due to a doubling in vertical stratification (from 0.07 psu/m on spring tides to 0.16 psu/m on neap tides), leading to a different relationship between near-bed salinity and cross-sectionally averaged salinity. There is also significant hysteresis as the tide changes from flood to ebb (outliers in Fig. 8 , neap tide regression). The same analysis at site IMHJ indicated that the index relationship was not stationary on the spring-neap timescale, though the discrepancy was less than at site Mouth. The index relationship extracted from the model during the period of vertical profiling (10 August 2010) did not match the field observations and indicated a laterally well-mixed channel. This is likely due to the distribution of point sources in the model which are idealized and perhaps include disproportionately higher freshwater input to the southern half of the estuary, thereby leading to less crosssectional variability in the model as compared with the observations. We applied the model-derived index-salinity relationships at site Mouth (spring, neap, and entire record) to the modeled index salinity to yield three hypothetical modeled cross-sectionally averaged salinity time-series. Freshwater flux was then computed for each case using the TEF method in a zero-dimensional context as was done with the field data (Fig. 9 , middle tile) and compared with the modeled freshwater flux using a two-dimensional isohaline analysis that accounts for the entire cross-section (Fig. 9, upper tile) . The accuracy of the TEF-derived outward freshwater flux can be checked by comparison with an "input-storage term", which in this case would be the constant modeled input (0.19 m 3 /s) minus the salt storage term (last term on rhs of Eq. 8).
The comparison between the fully 2D TEF flux and the index-salinity derived flux suggests that most of the springneap variability in the observed freshwater flux time-series is actually an artifact caused by the use of a stationary index-salinity relationship. The use of the spring tide relationship, however, appears more suitable as it is more representative of average conditions in the channel than the neap tide relationship. The mean freshwater flux of the spring-tide-based result (0.17 m 3 /s) is within 10 % of the actual freshwater input (0.19 m 3 /s). Therefore, even though the index-salinity relationship is temporally variable, the use of stationary index-salinity relationship (obtained during dominant conditions) may be suitable for deducing mean input over timescales longer than a spring-neap cycle (Fig. 9 , lower tile). Practically, field observations over a few spring-neap cycles with cross-sectional measurements distributed over the period can be used to estimate the mean freshwater flux; a hydrodynamic model forced with this mean flux can then be implemented to gauge the timevarying flux due to storage or other mechanisms.
Application of the TEF Method for Estimating Freshwater Flux
The TEF method, combined with appropriate index relationships, presents an advance for the estimation of groundwater input to estuaries. When implemented at a seaward estuarine cross-section, this method integrates groundwater input along the interior shoreline. This is a valuable feature as groundwater input can often be spatially variable on the order of meters. Other methods such as eddy correlation (Crusius et al. 2008) or seepage meters (Lee 1977) may be more precise but are limited to a small footprint. Radiochemical tracers (Moore 1996; Cable et al. 1996) track water exported from coastal aquifers but encounter difficulty when attempting to separate the fresh fraction of groundwater from groundwater recirculated in the subterranean estuary.
The combination of high-temporal resolution velocity and salinity data makes the calculation of freshwater flux possible using the TEF method. The ability to extract the flux signal is due to the "amplification" of the groundwater signal by the tidal fluxes. If the tidal water fluxes entering and exiting the harbor entrance ceased, and the harbor entrance was essentially a river, it would be impossible to accurately measure a flux of 0. E n ti r e r e c o r d Fig. 8 Modeled index salinity relationships, correlating modeled near-bed salinity at site Mouth with modeled crosssectionally averaged salinity at harbor mouth. Linear regressions were applied to entire simulation, a tidal cycle during a spring tide period, and a tidal cycle during a neap tide period 0.001 m/s). The standard deviation of a 1,200 kHz ADCP in the most accurate mode is about 0.004 m/s. However, in terms of salt the spring tide tidal prism of 1×10 6 m 3 is diluted by 4×10 3 m 3 of fresh groundwater over the same time frame (assuming complete mixing). This leads to a 0.4 % dilution of 32 psu water, or 0.13. Modern salinity sensors can easily detect this deviation with high accuracy (0.003 mS/cm; or about 0.002 psu). Therefore, while acoustic velocity sensors cannot capture residual velocities due to groundwater fluxes, salinity sensors can easily measure the small addition of freshwater to the tidal salt fluxes.
Assessing Suitability of Methodology
The field and modeling studies enable us to speculate on the suitability of these methods in estuaries. Well-mixed estuaries with large river inputs relative to groundwater may provide an excellent testing ground for the method, due to the ease of measuring unidirectional river flow at the landward end of the estuary. Estuaries with dominant groundwater inputs are ideal candidates due to the general difficulty of estimating coastal groundwater discharge. The amplification of the groundwater signal is performed by the tides, therefore ideal sites will have sufficient flood tidal prism to mix estuarine/oceanic water with freshwater and exit with a modified salinity that is detectable by sensors. Within the cross-section of interest, it is critical that the channel is relatively well mixed. Variations in lateral and vertical structure are inevitable, and therefore it is necessary to estimate the variability as often as possible over spring and neap tides. The index-salinity method is most likely to work in well-mixed estuarine channels and least likely to work in channels with strong gravitational circulation, due to spatial correlations between velocity and salinity which are difficult to estimate over extended time periods in the entire cross-section. Stratified cross-sections would require some vertical resolution of the velocity and salinity profiles in order to generate index relationships in segments of the cross-section over various tidal conditions.
Identifying the vertical structure of salinity in a particular cross-section can be based on the horizontal Richardson number. This dimensionless quantity gives an indication of the vertical mixing in an estuary (MacCready and Geyer 2010), defined as:
where β is 7.7×10 −4 psu −1 , s x is the longitudinal salinity gradient, H is the water depth in the thalweg, and u * 2 is the friction velocity at maximum depth-averaged tidal velocity (computed here assuming a logarithmic velocity profile). Here we use model results for the salinity structure and velocity to estimate Ri x over spring and neap tides. At site Mouth, Ri x varies between 0.07 and 0.55, while at site IMHJ Ri x varies between 0.39 and 1.0. These results are congruent with the vertical profiling which indicated that stratification at site IMHJ was twice that at site Mouth. This further reinforces the importance of site selection for development of index salinity relationships: sites with relatively larger Ri x may be unsuitable.
Observational Error
Apart from error in the index salinity relationship, the observational estimate of freshwater flux is most sensitive to possible temporal bias in salinity. A bias in the index salinity relationship on a certain phase of the tide would skew the computation of transport in salinity space used in the TEF calculation. For example, applying a bias of ±0.05 psu (error in index salinity measurement) on ebb tides skews Q R by ±0.03 m 3 /s, or 16 %. The TEF calculation appears to be largely insensitive to small differences in tidal water flux between the various methods (index-velocity linear, indexvelocity quadratic, and volumetric change). We also applied a general error propagation analysis (Taylor 1997) to the observational data used in Eq. 8, yielding an error of 0.025 m 3 /s. We applied the index-velocity RMS error (Fig. 5) , index-salinity RMS error for site Mouth (Fig. 6) , and a 2 % cross-sectional area measurement error (Ganju et al. 2005) to computed values of Δs, s out , and Q in for the entire period of record.
Conclusions
We estimated fresh coastal groundwater discharge to West Falmouth Harbor, Massachusetts, using tidal water flux and salinity measurements at the harbor mouth, in combination with a TEF salt balance calculation. Tidal water flux and cross-sectionally averaged salinity were estimated over an 8-week period using correlations between point (index) and cross-sectional measurements through tidal-cycle observations. The mean freshwater input ostensibly due to groundwater discharge over the 8-week period was 0.21±0.025 m
